Abstract. An allometric scaling approach has been used to calculate biological half-lives of elimination (T B1/2 ) and concentration factors (CF) for radionuclides in marine biota. Power functions of organism mass are fitted to a biokinetic database for plankton, seaweed, fish, crustaceans and molluscs, using data generated by us, in combination with reviewed data. Scaling of the CF to M −0.26±0.09 is observed, compatible at ±1 with metabolic theory predictions that metabolism scales to M 0.75 . We also observe scaling of T B1/2 to M +0.16±0.03 , within the previously reported range +0.15 to +0.30 for biota from various environments and, at < ±3 , slightly outside turnover rate scaling predictions to M −0.25 . The elements for which the CF scales better allometrically are particle seeking, mainly lanthanides and actinides. Association of the independent term of the allometric power function a with the sediment-water partition coefficient K d is strongest for these elements, possibly through binding to biological/organic matter. The findings from this study are relevant to extend the range of applicability of our biota dose assessment methodologies where data gaps in transfer exist.
INTRODUCTION
Exchange rate and bioaccumulation of radionuclides in biota are commonly represented by two simple parameters: the biological half-life of elimination (T B1/2 ) and the concentration factor (CF), which is the activity concentration of a radionuclide in the organism relative to the medium. Reliable CF and T B1/2 data are limited to common marine organisms and radionuclides. The present study addresses this problem by presenting an interpolation method based on allometric scaling of radionuclides for plankton, seaweed, fish, crustaceans and molluscs.
Allometric scaling describes the relationship between attributes of living organisms (such as metabolism, ingestion rate, bioaccumulation, etc.) and size, usually expressed as a power law. An example of this is Kleiber's law, in which the whole body metabolic rate is proportional to the mass to the power of +0.75. In radioecology, allometric scaling refers more specifically to expressing kinetic and transfer parameters, describing the uptake and turnover of radionuclides from the environment to biological organisms, as a power function of their mass. Prior to this study, there has been a scarcity of such functional expressions for marine species, the emphasis to date having been on terrestrial organisms [1] [2] [3] . Yet, allometric relationships have been found for the retention of heavy metals by biota in lagoon environments [4] and at least one study reports allometric relationships for 210 Po and 210 Pb in marine biota [5] .
In the present work, power relationships of the type Y = a × M b (where Y represents the CF or the long-term component of the T B1/2 ) were fitted to a biokinetic database. It was expected at the outset of this study that b would be close to the slope of -0.25 expected from theory [6] . It was also anticipated that a would depend on the individual properties of compounds formed by radionuclides in the marine environment. Previous work by us [7] had already found allometric formulae for the CF of Pu and Am and T B1/2 of Cs and Tc consistent with previous studies, suggesting that for the CF b is about -0.25 and for the T B1/2 it varies between +0.1 and +0.3 (Table 1) . 0.76 n/a n/a 0.92 n/a n/a n/a 0.74 p 0.001 0.001 n/a n/a 0.04 n/a n/a n/a 0.03 N 10 10 n/a n/a 4 n/a n/a n/a 6 a Converted from y = a × V b with V in m 3 to = a × M b with M in kg using a density of 10 3 kg m −3 . b Taken from [1] , in turn quoting [8, 9] . Only the latter gives the units for the T B1/2 in days, as shown here.
MATERIALS AND METHODS
A dataset of biokinetic parameters for Tc, I, Cs, Pu and Am in fish, crustaceans, molluscs, macroalgae/seaweed and plankton [7, 10] was used in this study. To this was added data for 29 additional elements using tabulated data [11] where available. For the T B1/2 we sourced data for Cm and Po in winkles [12, 13] , Ag, Co, Eu, Mn, Zn [14] , Mn and Co [15] in macrophytes, C in macrophytes and molluscs [16] and Se in fish, crustaceans and molluscs [17, 18] .
We calculated the linear regression parameters log 10 a and b for the expression log 10 Y = log 10 a + b × log 10 M, where Y can be the CF or the T B1/2 and M is the organism mass. Standard errors (SE) in log 10 a and b were derived using statistical error propagation [19] . We also calculated the coefficient of determination r 2 and the p-value of the two-tailed Student T-test. To discriminate statistically significant relationships we used the triple criteria r 2 > 0.7, p < 0.05, N > 2.
RESULTS
Of the 34 independent regressions calculated for the CF, there were 8 for which allometric relationships satisfying the triple criteria for significance were found (Table 2) . What these elements have in common (with the exception of Ra and Ru) is being lanthanides or actinides. The fitted parameters are consistent with previous work [7] . Additionally, five other regressions for the CF of Mn, Zr, Po, Ac and Pa (all elements with a high sediment-water partition coefficient, or K d ) approach potential statistical significance (T-test p < 0.05) and may therefore be usable, although in this case 0.4 < r 2 < 0.7, indicating a poorer goodness of fit. (Table 3) .
For the data from Table 2 a mean slope of −0.26 ± 0.09 is supported, a confirmation of allometric scaling to a quartile power of the mass for marine biota, as predicted theoretically. Tritium is a special exception to this, as the CF for 3 H is defined as being 10 −3 m 3 kg −1 for all organisms. For the five additional elements approaching potential statistical significance a mean slope of −0.19 ± 0.06 is found. This is lower but still statistically consistent at ±1 with a scaling slope of 0.25.
The intercept log 10 a in Table 2 ranges from -1.5 to +0.2, which implies a two order of magnitude range of variation in a. This important variability is thought to relate to the physico-chemical speciation of different radioelements in seawater. In an attempt to verify this hypothesis we plotted log 10 a as a function of various parameters including atomic mass, electronegativity, ionic radius and oxidation state, with negative results.
Noticing a general tendency for the more sediment-seeking nuclides to register the highest values, we uncovered a statistically significant linear trend between log 10 a and log 10 An association between the CF and the K d has been previously suggested [20] , noting that this relationship works only for radionuclides in a cationic form. Our work also confirms this, as the majority of radionuclides correlating with K d are cations and the few nuclides likely to be present as anions (such as Ru) tend to be outliers in Figure 1 .
In addition to the two T B1/2 relationships for Tc and Cs identified before [7] , the current study has uncovered a statistically significant formula for Am and a potentially significant one for Pu (Table 2 ). In the latter case, N = 3 and with such few data a p-value of 0.2 is generated, although r 2 = 0.9 and the allometric parameters are consistent with those found for Am.
Taken together, these three relationships support an intercept of +0.16 ± 0.03. The intercept ranges from 1.73 for Cs and 1.99 for Tc (more predominantly conservative radionuclides) to 2.40 for Am and 2.80 for Pu (both particle-seeking, non-conservative nuclides).
The standard errors for the intercept and slope given in Table 2 (SE loga and SE b ) can be used to perform uncertainty estimations in the CF and T B1/2 when allometric equations are used in predictive mode. For this it is only necessary to use the simple maximising error propagation formula:
For most species the absolute value of log(M) ranges between 1 to 2 except for phytoplankton (10) and zooplankton (4) . According to this, on the basis of statistical uncertainties, CF and T B1/2 predictions would range from 20-140% for macroscopic animals and plants and 70-320% for plankton. In practice, the allometric formulae reproduce the CF quite well, with 70% of the values within a factor of two and only 8% of the values within a factor of five or more. For the T B1/2 the percentage is 90%, with no values in excess of a factor of four difference.
DISCUSSION
A consistent picture seems to emerge from our results. The elements that scale allometrically with a quartile power of the mass in marine biota (Ru, Ce, Pm/Eu, Ra, Th, Pu, Am and Cm) have high K d s, with a significant proportion being lanthanides and actinides. The additional elements for which allometric scaling of the CF approaches significance (Mn, Zr, Po, Ac and Pa), also tend to exhibit higher particle reactivity. Association of a with the K d suggests the former being highest for particle-seeking elements, most likely binding to biological/organic matter. We hypothesise that, for the elements found to correlate allometrically, the driving uptake process may be ingestion, with the scaling behaviour observed being a consequence of the physics and geometry of energy distribution networks within organisms. Metabolic theory predicts that the whole body metabolism scales to M +0.75 (Kleiber's Law) [6, 21] . This is what appears to drive the ingestion rate scaling to M +0.75 predicted for land animals [1] . The observed scaling of the CF to M −0.25 is compatible with this metabolic explanation, as the CF is the activity concentration in the organism (activity × M −1 ) relative to the medium. In other words, metabolically driven allometry of the ingestion rate could be responsible for the scaling behaviour in the organisms and radionuclides considered, as previously suggested in studies of the uptake of Cd and Zn by marine invertebrates [22] . However, for some elements, the process could also be surface-area driven (e.g. passive sorption of radionuclides on body surfaces, such as mollusc shells). In this case, surface area dependence on mass to the power of 2 / 3 would result in the CF scaling to M −0.33 instead of M −0.25 . Increasing the statistical power of this study to discriminate b = −0.25 from -0.33 on a radionuclide to radionuclide basis is, therefore, a reasonable proposal for future investigation.
The observed scaling of T B1/2 to the power of +0.16, based on limited data, is compatible with the range +0.15 to +0.30 reported elsewhere [1] . If potential statistical compatibility with +0.25 at ±3 is further confirmed, this would be consistent with the prediction that turnover rate constants (proportional to T −1 B1/2 ) generally decrease with mass at an exponent of −0.25 [23] . It is also possible that for some radionuclides (e.g. strontium) T B1/2 is not merely associated with the metabolic turnover rate, but other factors such as stable element concentrations influence it [24] , thus deviating from a simple M −0.25 scaling relationship.
A simple statistical calculation (Eq. 1) suggests that standard errors in the CF and T B1/2 are rarely one order of magnitude greater than those variables. However, the propagation of errors in individual transfer parameters is not included in this calculation. An outstanding question is, therefore: Adjusting for size, how does the same CF or T B1/2 compare in two different organisms? Although allometric modelling has provided accurate predictions of biological growth and physiological function in both human and animal studies, the principal source of uncertainty in radiological assessments continues to be the variability in the transfer parameters themselves and the uncertainty in the allometric relationships arising thereof. Thus, our application of the kinetic/allometric method to marine organisms should be regarded as a broad generalisation until such time as it is integrated with transfer parameter distribution calculations.
CONCLUSIONS
Our evidence supports the conclusion that CFs and T B1/2 s for the marine organisms studied herein scale to quartile powers of organism mass, similar to warm-blooded species in the terrestrial environment, at least for the lanthanides and actinides. It is not difficult to relate the relatively simple analysis presented here with theoretically derived allometric relationships for the metabolic rate. However, for some elements, simple surface-exchange allometry cannot be excluded at this stage.
The work presented here suggests a method to address data gaps in radionuclide transfer for marine biota, based on allometry. Such a method still requires detailed study of the effects of uncertainty in transfer parameters, particularly the CF, which is known to have large intra-species variability. Moreover, additional uncertainty in transfer arises from the fact that environmental compartments are rarely in isotopic equilibrium.
As a first effort to address these problems, the present allometric analysis is being combined with biokinetic modelling in a dynamic model for the assessment of radiological exposure to marine biota [10] . The present study has the potential to bridge data gaps and widen the range of applicability for this model, signalling the way for new investigations [25] .
